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We present experimental results on thermoelectric power (S) and electrical resistivity (ρ) of pseu-
dobinary alloys Ho(AlxCo1−x)2 (0 ≤ x ≤ 0.1), in the temperature range 4.2 K to 300 K. The work
focuses on the effects of static (induced by alloying) and dynamic (induced by temperature) disorder
on the magnetic state and electronic transport in a metallic system with itinerant metamagnetic
instability. Spatial fluctuations of the local magnetic susceptibility in the alloys lead to the develop-
ment of a partially ordered magnetic ground state of the itinerant 3d electron system. This results
in a strong increase of the residual resistivity and a suppression of the temperature-dependent re-
sistivity. Thermopower exhibits a complex temperature variation in both the magnetically ordered
and in the paramagnetic state. This complex temperature variation is attributed to the electronic
density of states features in vicinity of Fermi energy and to the interplay of magnetic and impurity
scattering. Our results indicate that the magnetic enhancement of the Co 3d band in RCo2–based
alloys upon a substitution of Co by non-magnetic elements is mainly related to a progressive local-
ization of the Co – 3d electrons caused by disorder. We show that the magnitude of the resistivity
jump at the Curie temperature for RCo2 compounds exhibiting a first order phase transition is a
non-monotonic function of the Curie temperature due to a saturation of the 3d–band spin fluctuation
magnitude at high temperatures.
PACS numbers: 71.27.+a, 72.15.Gd, 72.15.Jf, 75.10.Lp, 75.30.Kz
HoCo2 belongs to the family of intermetallic RCo2 cu-
bic Laves phases (R stands for rare earth elements) which
are well known for their outstanding magnetic proper-
ties associated with itinerant 3d electron subsystem1,2,3.
Long-range magnetic order of the 3d electron subsystem
of paramagnetic YCo2 and LuCo2 can be induced by ex-
ternal magnetic field exceeding a certain critical value
Bc. This critical field was found to be about 70 T for
YCo2
4 and about 77 T for LuCo2
5. Partial replacement
of cobalt by aluminium leads to a decrease of Bc and
to the appearance of weak itinerant ferromagnetism in
Y(AlxCo1−x)2 for x > 0.12
6,7. In the case of magnetic
RCo2 compounds, long-range magnetic order of the 3d
electron subsystem is induced by ordering of the localized
magnetic moments of the rare earths. A substitution of
Al on Co-sites of the magnetic RCo2 compounds, results
in a considerable increase of the Curie temperature8.
This behavior was interpreted within the framework
of the itinerant magnetism by an increase of the density
of states (DOS) at the Fermi level as Co is replaced by
Al. However, the mechanism, responsible for the increase
of DOS at the Fermi level, remains obscure. Mainly two
scenarios have been proposed: in the first, DOS increases
due to de-population of 3d-Co band when Co is replaced
by Al6,9; in the second, the DOS increase is caused by
a narrowing of the 3d band due to an expansion of the
crystal lattice in the alloys7,10.
In the present work we use the temperature dependent
thermopower S(T ) to study the mechanism of the DOS
enhancement in Al-substituted RCo2 compounds. It has
been shown that S(T ) high-temperature minimum, ob-
served in S(T ) of nearly all RCo2 compounds in a range
from 150 K to 400 K, is associated with a sharp peak in
the density of states related mainly to the Co 3d-electron
density11. Particularly, it was shown that the tempera-
ture Tmin, at which the thermopower has this minimum,
is a measure of the DOS peak width3,12.
Another unsolved problem, related to metamagnetism
and charge transport in RCo2 compounds is the different
order of the phase transition at Curie temperature (Tc)
and a non-monotonic variation of the resistivity jump
(∆ρ) at Tc. Among the RCo2 compounds, ErCo2, HoCo2
and DyCo2 undergo a first order phase transition at Tc,
whereas it is generally accepted that in TbCo2, GdCo2,
TmCo2 and SmCo2 the magnetic ordering is via second
order transition. The kind of the phase transition at
Tc in PrCo2 and NdCo2 has been a subject of recent
discussion13,14,15,16. In this context the Ho(AlxCo1−x)2
2alloys are proper materials to study, since this alloy sys-
tem includes compounds with both, first order, and sec-
ond order transition at Tc.
I. EXPERIMENTAL PROCEDURES
The samples of Ho(Co1−xAlx)2 alloys were prepared
from pure components by melting in an induction furnace
under a protective Ar atmosphere and were subsequently
annealed in vacuum at 1100 K for about one week. The
X-ray analysis showed no traces of impurity phases.
A four–probe dc method was used for the electrical
resistivity measurements; for the thermopower measure-
ments a differential method was applied. Typical size of
the samples was about 1× 1× 10 mm3. The estimated
error in the absolute value of the electrical resistivity is
±10%. This is mainly due to uncertainty in the sample
geometry which is closely related to the mechanical qual-
ity of the samples. The thermopower was measured with
an accuracy of ±0.2 µVK−1.
II. EXPERIMENTAL RESULTS.
The resistivity temperature dependencies are depicted
in Figure 1. The residual resistivity, shown in the inset,
rapidly increases with Al content. Simultaneously, the
temperature dependent part of the resistivity decreases,
so that the high temperature total resistivity shows a
comparatively small change with composition. Room
temperature values are in the range of 130 to 150 µΩcm.
The Curie temperature is marked by an abrupt change
FIG. 1: Temperature dependent resistivity of Ho(Co1−xAlx)2
for various Al concentrations. The inset shows the composi-
tion dependence of the residual resistivity, measured at 4.2 K.
of the resistivity of the samples with x=0, 0.005, 0.025,
and 0.05, whereas samples with x=0.075 and 0.1 clearly
show a second order-like variation of the resistivity at Tc.
Data of Fig. 1 indicate that the boundary between first-
order and second-order transitions is between x=0.05 and
x=0.075. These results agree with the data of Duc et
al.17.
Figure 2 presents experimental results for the ther-
mopower from 5 K to 300 K. Dramatic changes of S(T )
with the alloy composition are clearly seen in both, the
paramagnetic and in the magnetically ordered state of
the alloys. At high temperatures the S(T ) minimum tem-
perature Tmin, observable for pure HoCo2 at 250 K, and
the absolute S(T ) values decrease with increasing Al con-
tent. In the low temperature region, (T < Tc), S(T ) is
also strongly dependent on the Al-content.
FIG. 2: Temperature dependent thermopower of
Ho(Co1−xAlx)2. The lower panel shows S(T ) of the x
= 0, x = 0.005 and x = 0.025 alloys in a vicinity of Curie
temperature.
At the lowest temperatures all compounds exhibit a
minimum with negative S(T ) values; its temperature
gradually increases with Al concentration. The S(T )
minimum, as well at the following maximum, become
suppressed for x=0.05 and they almost disappear for
x=0.075. The Curie temperatures are associated with
the discontinuous changes of S(T ) for x=0, 0.005, 0.025,
whereas the sample with x=0.075 clearly shows a second
order-like variation of the thermopower at Tc.
3III. DISCUSSION.
A. Variation of the 3d-DOS upon substitution of
cobalt by non-magnetic elements.
The temperature variation of the thermopower in the
paramagnetic temperature region can be understood
within the model proposed in3,12,18. Calculations of the
density of states, N(ε) for YCo2
19,20,21,22 revealed the
Fermi level, εF , lying near a sharp peak of DOS, pri-
marily composed of 3d states of Co (Figure 3). Since
FIG. 3: DOS of RCo2 compounds in a vicinity of the Fermi
level (solid line)20. The gray line shows −df0/dε(ε − εF ) at
T=300 K (f0 is Fermi distribution function) to indicate the
energy region important for transport properties. The broken
line is the model state density, used for thermopower calcu-
lations. Γ is the width of the model DOS peak, ∆ - is the
distance from Fermi level to the center of the peak.
Co is present in all RCo2 compounds, it is assumed, that
N(ε) has the same general features throughout the RCo2
series.
It has been shown that the high-temperature mini-
mum, observed in S(T ) of nearly all RCo2 compounds
(with the exception of GdCo2, DyCo2, and SmCo2 where
Tmin falls into the temperature range where these com-
pounds order magnetically), is associated with the 3d
peak of the DOS, Tmin being the measure of the peak
width3,12.
Since the width of an itinerant electronic band depends
on the extent of the corresponding atomic orbital overlap-
ping, one should expect that the 3d peak width increases
when the lattice parameter decreases. The lattice param-
eter within RCo2 compounds reveals considerable varia-
tion, being smallest for ScCo2 and largest for NdCo2.
This implies that the 3d DOS peak width is largest in
case of ScCo2 and smallest for NdCo2 with corresponding
variation of Tmin. This assumption has been confirmed
by a good correlation between Tmin and the lattice con-
stants of the RCo2 compounds
3. Figure 4a reproduces,
in part, this correlation.
FIG. 4: a. Dependence of Tmin against lattice parame-
ter for RCo2 compounds (• - data from3). The triangles
show this work results for Ho(Co1−xAlx)2 alloys. b. Tmin
(triangles) and Curie temperature Tc () against composi-
tion for Ho(Co1−xAlx)2. × – Tc against composition for
Ho(Co1−xSix)2 alloys according to Ref.
23.
The decrease of Tmin with increasing Al content in
Ho(Co1−xAlx)2 alloys (Fig. 4b) indicates a narrowing
of the 3d DOS peak. Partially this narrowing can be
connected with the increase of the lattice parameter in
the alloys. However, the expansion of the crystal lattice
is insufficient to entirely account for the narrowing of the
DOS peak and the observed increase of the Curie tem-
perature. If the decrease of Tmin was related only to the
lattice expansion, then one would expect that Tmin in the
alloys decreases roughly at the same rate as in pure RCo2
compounds. However, the results for Ho(Co1−xAlx)2 re-
veal a much stronger dependence of Tmin on the lattice
parameter (Fig.4a), implying that some additional fac-
tor is responsible for the narrowing of the peak width
and increase of Tc.
Literature results on Y1−tLut(Co1−xAlx)2
28 alloys
with invariable lattice parameter show, that at small
x (up to about x=0.06–0.1) the critical field for meta-
magnetic transition in these alloys decreases at the
same rate as in Lu(Co1−xMx)2 (M = Ga, Sn, Al)
24,25
and Y(Co1−xAlx)2
26,27 alloys, where lattice parameter
varies considerably. Similarly, in Ho(Co1−xSix)2 di-
luted alloys23 with ivariable lattice parameter and in
Ho(Co1−xAlx)2 alloys Tc increases with x at the same
4rate, see Fig. 4b. This indicates, in agreement with our
results, that lattice expansion can not be the main cause
for the magnetic enhancement of the alloys. On the other
hand, the 3d band de-population model also can not ex-
plain these results since the substituting elements have
different configurations of the outer electronic shells.
The results show that the mechanism, which causes
the decrease of Bc in non-magnetic compounds (or in-
crease of Tc in the magnetic ones) does depend at small
x neither on the type of substituting element nor on
the lattice expansion. What all above mentioned alloys
have in common, is disorder within the Co-sublattice due
the substitution of Co by other elements. We therefore
conclude, that the principal reason for the narrowing of
the 3d band in Ho(Co1−xAlx)2 for low Al contents, is
the increasing localization of the 3d electrons caused by
disorder within Co-sublattice. Experimental results on
transport in Y(Co1−xAlx)2 alloys has led us to a simi-
lar conclusion29. A different situation takes place when
the impurity element has unfilled 3d-shell, like Ni and
Fe, in that case the effects of the change of 3d electron
concentration play a dominant role30.
Of course, one can not exclude a change of the
3d electron concentration upon the Co-substitution in
Ho(Co1−xAlx)2. Moreover, the decrease of S(T ) values in
the paramagnetic temperature region, as will be demon-
strated later, implies such a change. It also follows from
literature that the behavior of Y(Co1−xMx)2 alloys at
large x (above about 0.1), such as the stabilization of a
ferromagnetic ground state, depends on the kind of sub-
stituting elements, suggesting a hybridization of s–p and
3d states. However, our analysis shows that the change
of the 3d electron concentration does not play major role
in magnetic enhancement of diluted alloys.
To summarize this part, our experimental results on
transport properties of Ho(Co1−xAlx)2 alloys and analy-
sis of the results, reported in the literature, led us to the
conclusion that the principal mechanism, responsible for
the increase of Tc in magnetic alloys, or a decrease of Bc
in paramagnetic alloys, is the narrowing of the 3d DOS
peak due to localization of Co 3d electron states, induced
by disorder in Co sublattice of the alloys.
B. Electrical resistivity.
The rapid increase of the residual resistivity and the
modest variation of high temperature resistivity with Al
content are the most characteristic features observed in
the resistivity of the alloys. The temperature dependent
part of the resistivity systematically decreases with x as
it is shown in Fig. 5. We should note that such behavior
is common for many RCo2 - based alloys
23,26,31,32,33,34,35,
which include both, R(Co1−xMx)2 and Y1−xRxCo2 sys-
tems. However, there has been no commonly accepted
model, able to account for the observed variation of the
temperature dependent resistivity. The independence of
the phenomenon on the constituents of the alloys implies
FIG. 5: Temperature – induced part of resistivity (ρ(250) −
ρ(4.2)) of Ho(Co1−xAlx)2 alloys.
a common mechanism. As in the case of the above dis-
cussed Co-localization, disorder and metamagnetism of
the magnetic Co subsystem are the natural candidates.
Baranov et al.36,37 were probably the first to emphasize
the important role, which disorder can play in RCo2 -
based alloys. In a certain range of alloy composition, 3d
magnetic subsystem can be in ”partially” ordered ground
state, i.e. in the alloy there are spatial regions with high
and low 3d magnetization. This static magnetic disorder
originates from a combination of fluctuating exchange
field (in (Y1−xRx)Co2 alloys), or fluctuating local sus-
ceptibility (in R(Co1−xMx)2 alloys), and of the metam-
agnetism of 3d electron system. Scattering of conduction
electrons of this static magnetic disorder gives contribu-
tion to the alloy resistivity, which is comparable to the
high temperature limit of 3d spin fluctuation (SF) resis-
tivity (the resistivity due to scattering on dynamic, i.e.
temperature-induced, fluctuations of local 3d magnetiza-
tion) in RCo2 compounds
38. The static magnetic dis-
order can be viewed as ”frozen” SF. When temperature
increases this frozen disorder melts and is replaced by the
dynamic disorder. Since the corresponding contributions
to resistivity are of similar magnitude, the temperature
variation of the total resistivity is considerably reduced.
Figure 6 shows the resistivity of Ho(Co1−xAlx)2,
DyCo2 and TbCo2
39, normalized to its value atT=300 K,
plotted against T/Tmin to account for the different width
of the 3d band. Since for the Ho(Co1−xAlx)2 with
x > 0.075 the high–temperature minimum in S(T ) is not
observable due to the high Tc, we use an interpolation of
Tmin(x), as it is shown in Fig. 4b by the broken line, to
obtain Tmin of these alloys.
The other two interesting features of the resistivity can
be seen from Figure 6:
1. The kind of the phase transition at Curie point is
changed from first to second order around Tc=Tmin. This
is another manifestation that Tmin is an essential physical
parameter, directly reflecting DOS features. The relation
5between Tmin and the change of the transition order fol-
lows from the model of the metamagnetic transition of Co
subsystem2 as a consequence of the temperature smear-
ing of DOS features at the Fermi level2,17. Essentially the
FIG. 6: Normalized resistivity ρ(T )/ρ(300) against nor-
malized temperature T/Tmin for Ho(Co1−xAlx)2 alloys and
DyCo2, TbCo2 compounds
39.
same mechanism leads to the development of the minima
in S(T )12. There is, however, an alternative theoretical
model, in which the order of a magnetic phase transi-
tion depends basically on the lattice constant value40.
Since the width of the DOS peak (and, therefore, Tmin)
is determined in pure RCo2 compounds by the lattice
parameter, Tc/Tmin ≈ 1 represents a more general con-
dition for the boundary between second and first order
phase transition in these compounds.
2. The magnitude of the resistivity drop at the Curie
temperature ∆ρ(Tc) decreases as Tc approaches Tmin.
This last feature is also present in binary RCo2 com-
pounds, as it can be seen comparing the resistivities of
HoCo2 and DyCo2, shown in Fig. 6. The resistivity drop
at Tc of heavy RCo2 compounds, which exhibit a first-
order transition, has been attributed to a sudden sup-
pression of SF by strong molecular field of the ordered
4f moments3. This, however, does not explain the de-
crease of ∆ρ(Tc) with increasing Tc. We propose that
the origin of this decrease is the same as the origin of
resistivity saturation of nearly magnetic compounds at
high temperatures41,42. In the model, put forth in41,42
by Ueda and Moriya, the SF contribution to the resistiv-
ity (ρsf) is determined by the d band dynamical suscep-
tibility, which is enhanced due to d band SF. It has been
shown that the saturation tendency, which is character-
istic for the temperature dependent resistivity of nearly
magnetic materials, originates from the strong decrease
of the d band enhancement owing to interactions among
SF at high temperatures.
We use here a very simplified model with a rectangular
approximation for the Co 3d DOS (Fig. 7) to illustrate
the essential physics of the resistivity saturation and of
the decrease of ∆ρ(Tc).
We consider an enhanced 3d band paramagnetic com-
pound (such as YCo2). At T=0 K, without external field,
the spin-up and spin-down sub-bands are equally occu-
pied, Fig. 7a, and there are no SF. At a nonzero tempera-
ture thermal fluctuations of the 3d sub-band occupation,
amplified by exchange interaction, result in fluctuations
of local magnetization, i.e. SF. According to42 the mag-
nitude of the local magnetization fluctuations
(
〈m2〉
) 1
2
increases with temperature, however it saturates at a
constant value in a high temperature limit. Both, the
saturation value and cross-over temperature, are deter-
mined by the 3d band parameters.
In magnetic RCo2 compounds the 3d system at T=0 K
is in high magnetization state. In the following we con-
sider 3d band in this case as fully polarized by the ex-
change field of ordered 4f moments, as it schematically
shown in Fig. 7b, with saturation magnetic moment
Mf = 2Nδ0. As temperature increases, there will be
also temperature-induced fluctuations of the 3d magne-
tization around this polarized state.
For our qualitative model we assume that the SF resis-
tivity is determined by the spin–spin correlation function
〈m(0)m(l)〉 − 〈m(0)〉〈m(l)〉,
where m(0) and m(l) are the local 3d magnetization at
lattice point with coordinates r = 0 and r = l, respec-
tively, and l is distance of order of conduction electron
(s–electron) mean free path. The scattering magnitude
of conduction electron by a magnetic fluctuation is pro-
portional to its squared magnitude, measured relative to
the local background at a distance of order of conduction
electron mean free path. Therefore, the most effective
will be the scattering on correlated magnetic fluctuations
with largest difference of local magnetization at points
r = 0 and r = l. For the paramagnetic state, this corre-
sponds to fluctuations at r = 0 and r = l with the oppo-
site magnetization. While for a system in ferromagnetic
ground state with fully polarized 3d band, the largest
difference is between this fully polarized state moment
Mf and local fluctuation with a reduced moment. Bas-
ing on the above arguments, we define the effective SF
magnitude (mp - paramagnetic state, mf - ferromagnetic
state), determining the SF resistivity, as:
mp ∝ 2 (Dup −Ddn) , (1)
where
Dup(dn) =
∞∫
−(2W−δ0±(∓)ζkBT )
Nf0dε,
and
mf ∝Mf − (Dup −Ddn) , (2)
with
Dup =
∞∫
−(2W−ζkBT )
Nf0dε
6and
Ddn =
∞∫
−(2W−2δ0+ζkBT )
Nf0dε.
The definitions of W , δ0 and N are given in Fig. 7. Dup
and Ddn are local spin-up and spin-down density, f
0 is
the Fermi distribution function, and ζ is the exchange
enhancement factor.
Due to the charge neutrality condition (Dup+Ddn =
const), the magnitude of the SF has an upper limit. Both
mp and mf have maximum value of 4Nδ0. For the unpo-
larized 3d band the SF attain the maximum amplitude
at a temperature Tm satisfying condition ζkBTm = δ0,
whereas for the fully polarized 3d band the correspond-
ing condition is ζkBTm = 2δ0. At higher temperatures
the itinerant SF behave as localized magnetic moments
with fixed magnitude.
The corresponding SF resistivity follows from Eqns. 1
and 2:
ρp ∝ (mp)
2 ∝
{
(4NζkBT )
2
if T 6 δ0
ζkB
(4Nδ0)
2
if T > δ0
ζkB
,
for the non-polarized (paramagnetic) state, and
ρf ∝ (mf)
2 ∝
{
(2NζkBT )
2
if T 6 2δ0
ζkB
(4Nδ0)
2
if T > 2δ0
ζkB
,
for the polarized (magnetically ordered) 3d band. Ex-
pression for ρp gives a roughly correct representation of
the overall temperature dependence of the SF resistiv-
ity of paramagnetic RCo2 compounds: it increases as
T 2 at low temperatures and saturates to a temperature-
independent value at high temperatures3. Both, ρp and
FIG. 7: The model of 3d DOS: a. Non polarized state at
T=0 K; b. Polarized state at T=0 K. 2W is the 3d band
width, δ0 is the distance from Fermi energy to the top of 3d
band and N – DOS magnitude.
ρf are displayed in Fig. 8. In RCo2 compounds with a
first-order magnetic phase transition, the 3d band un-
dergoes at Tc a transition from the non-polarized to the
polarized state (shown schematically by the arrows in
Fig. 8), with corresponding change of the SF resistiv-
ity: ∆ρ = ρp − ρf , which is also presented in Fig. 8.
FIG. 8: Schematic temperature dependence of normalized ρsf
for polarized (ρf) and non-polarized (ρp) states of the 3d band
and temperature dependence of resistivity jump at first or-
der transition from non-polarized to polarized (ferromagnetic)
state ∆ρ = ρp − ρf . The circles show the experimental dif-
ference between the normalized resistivities of paramagnetic
YCo2 and ferrimagnetic TbCo2
39. The temperature is nor-
malized to Tmin of TbCo2 = 214 K
3. Tm=
2δ0
ζkB
.
For comparison the experimental difference between the
normalized resistivity of paramagnetic YCo2
39 (a repre-
sentative of a non-polarized state of the 3d band) and of
ferrimagnetic TbCo2
39 (a representative of the polarized
state of the 3d band) is shown on this figure too. In spite
of very schematic model, used to calculate ∆ρ, there is
close correspondence between theoretical and experimen-
tal curve.
The experimental resistivity jump observed at Tc of
RCo2 and Ho(Co1−xAlx)2 is presented in Fig. 9. ∆ρ(Tc)
is shown for pure TmCo2
44, ErCo2, HoCo2, DyCo2
39
compounds and for Ho(Co1−xAlx)2 alloys. Also shown
are the results for ErCo2, HoCo2 and DyCo2 under pres-
sure up to 16 kbar43. The resistivity drop is plotted
against Tc/Tmin to account for the different width of Co-
3d band. We do not have experimental data on ther-
mopower of all RCo2 under pressure, therefore the same
value of dTmin
dP
= 0.7 K/kbar was used to calculate Tmin
for compounds under pressure, shown in Fig. 9. dTmin
dP
was
obtained experimentally for a (Gd0.01Y0.99)Co2 alloy
45.
As it can be seen from the Fig. 9 there is qualitative
agreement between theoretical and experimental values
of ∆ρ. The model shows two important features in the
resistivity behavior: the saturation at high temperatures,
and the decrease of ∆ρ(Tc) with increasing Tc. The im-
portant parameters of the model are the bandwidth 2W
and the distance from the Fermi level to band edge δ0.
They can be estimated in the following way. The empty
portion of the 3d band can be evaluated from the exper-
imentally observed saturation Co-moment M=1 µB/Co
for RCo2 compounds. From this value it follows that
δ0 ≈ 0.1W . Using the experimentally observed tempera-
ture range in which ∆ρ is non-zero (Fig. 9) as the mea-
sure for δ0 (200 K), and taking ζ = 7
22 (which gives
7FIG. 9: The resistivity drop ∆ρ at Curie temperature of
Ho(Co1−xAlx)2 alloys and of some RCo2 compounds
39,44.
Broken line is theoretical ∆ρ, scaled with ρ(Tm)=100 µΩ cm.
The gray symbols stand for data under pressure for corre-
sponding compounds43.
δ0 ≈ 0.12 eV), we get for Co–3d bandwidth 2W about
2.4 eV, in a very reasonable agreement with the value of
2.5 eV, according to the result of Ref.22.
The model DOS used here to demonstrate the mecha-
nism of ∆ρ(Tc) decrease with increasing Tc, is obviously
too oversimplified to account for the very details of ρsf(T )
and ∆ρ(Tc). The omission of 4f – 3d exchange inter-
action is less obvious. This effect, however, is clearly
visible, if one compares ρ(T ) of paramagnetic and mag-
netic RCo2 compounds, depicted in Fig. 10. For a hy-
FIG. 10: Normalized resistivity of RCo2 compounds
39 and
Ho(Co0.975Al0.025)2 alloy (). The solid line is the resistivity
of YCo2. ρt = ρ(T ) − ρ(4.2). × and + indicate resistivity
at Tc, including corrections for ρspd and ρsw in paramagnetic
and ferrimagnetic phase, respectively.
pothetical magnetic RCo2 compound, whose resistivity
includes only SF, phonon, and impurity contributions,
its normalized resistivity above Tc would coincide with
the normalized resistivity of paramagnetic YCo2, while
below Tc it should be similar to the normalized resistiv-
ity of TbCo2. However, as we can see from Fig. 10, the
normalized resistivity of the other magnetic RCo2 com-
pounds deviates on approach to Tc from the resistivity
of TbCo2 at T < Tc and from the resistivity of YCo2 at
T > Tc. In part, this deviation refers to additional con-
tributions owing to scattering on 4f magnetic moments
in magnetic RCo2. At T > Tc, the corresponding contri-
bution, ρspd, is independent of temperature. Therefore,
the normalized resistivity of a magnetic compound:
ρ(T )
ρ(300)
=
ρYCo2(T ) + ρspd
ρYCo2(300) + ρspd
differs from the normalized resistivity of YCo2.
Below Tc, instead of ρspd there is a temperature–
dependent 4f spin-wave contribution to the resistivity,
ρsw. It increases with temperature, reaching at Tc a max-
imum value. In ferromagnetic metals with second-order
phase transition, ρsw(Tc) ≅ ρspd, however in RCo2 with
first-order transition it should be strongly suppressed by
the 3d exchange field just below the transition. The es-
timated resistivity at Tc, including contributions of ρspd
or ρsw is shown in Fig. 10. For these estimations we use
ρsw(Tc) = ρspd, with ρspd from Ref.
3. Corrections due to
ρsw are certainly overestimated. Nevertheless, it is clear
from Fig. 10 that these corrections can not account for
the observed deviations, especially above Tc. The ori-
gin of these deviations is the mutual interaction between
the 4f and the 3d magnetic systems. Below Tc, the spin-
wave excitations in the 4f system amplify the itinerant
SF of the 3d polarized band, leading to strong increase
of the resistivity on approaching Tc. In the paramag-
netic state there is a similar mutual amplification of 4f
and 3d SF on approach to Tc from higher temperatures.
This amplification increases with decreasing Tc since the
susceptibility of the localized 4f moments increases with
decreasing temperature.
C. Thermopower.
S(T ) above Tc is related to DOS features in vicinity
of the Fermi energy. Results for Ho(Co1−xAlx)2 alloys
provide further support to the model outlined in our pre-
vious publications12,18.
We use similar approach and the model DOS, depicted
in Fig. 3 by the dotted line, to explore the dependence
of the thermopower on Co 3d band parameters. Accord-
ing to Mott’s s–d model, the conductivity is due to high
mobility s–electron states, from which the charge carri-
ers are scattered into 3d states with low mobility and,
effectively, are eliminated from conduction process. The
scattering probability of conduction electrons is propor-
tional to the state density value, into which an electron
is scattered. Therefore, within s–d model, the s–electron
8scattering probability P is expected to depend on the
electron energy as:
P (ε− εF) ∝ Nd(ε− εF) +R (3)
where R is due to other than s–d scattering transitions.
This relation is valid for elastic or quasi-elastic scattering.
Thermopower is expressed as18,46:
S(T ) = −
1
|e|T
∞∫
0
ω(ε, T )
(
−∂f
0
∂ε
)
(ε− εF) dε
σ(T )
, (4)
where
σ(T ) =
∞∫
0
ω(ε, T )
(
−
∂f0
∂ε
)
dε (5)
and
ω (ε, T ) =
e2
12pi3~
vA(ε)τ (ε, T ) , (6)
where v is the velocity of conduction electrons, A(ε) is the
cross-sectional area of the Fermi surface, perpendicular
to the electrical field direction. τ ∝ 1
P
is the relaxation
time. In the s–d model approximation
τ(ε− εF) ∝
1
Nd(ε− εF) +R
. (7)
Using equations (4–7) S(T ) is calculated with the
model DOS, shown in Fig. 3. The results of the cal-
culations are shown in Fig. 11. The calculations were
performed using different values of two parameters de-
scribing the model DOS: Γ is the width of the 3d DOS
peak, and ∆ - is the distance from Fermi energy to the
center of the peak. Two important conclusions follow
from these results:
1. The position of the thermopower minimum depends
mainly on the 3d peak width;
2. The de-population of the 3d band affects the mag-
nitude of the high–temperature thermopower, however
has almost no effect on the position of the thermopower
minimum.
Comparison of the theoretical result of Fig. 11c and ex-
perimental data on thermopower (Fig. 2) indicates that
both effects – de-population and narrowing of 3d band,
play an important role determining S(T ) in the paramag-
netic temperature range. Both also lead to an increase of
3d DOS at Fermi level. From the variation of parameters
∆ and Γ we can roughly estimate that the narrowing of
3d band increases DOS at Fermi level by more than 50%,
while de-population – by less than 20%. Therefore, this
estimation support our conjecture, that narrowing of 3d
band due to disorder plays dominant role in the magnetic
enhancement of R(Co1−xMx)2 alloys.
The calculations of thermopower were made under as-
sumption of elastic scattering, which is valid at high tem-
peratures, i.e. above about 100 K. At lower temperatures
FIG. 11: The temperature dependencies of thermopower cal-
culated within s–d scattering model approximation. a. The
DOS peak width is fixed at Γ=0.16 eV, the distance from the
Fermi energy to the center of the DOS peak, ∆, varies, sim-
ulating the de-population of the 3d band. b. The occupation
of the 3d band ∆ is fixed at -0.03 eV, the width of the 3d peak
varies. c. Both, Γ and the absolute value of ∆ decrease. The
arrows indicate position of the thermopower minimum.
scattering on SF is non–elastic. The distinction between
elastic and non-elastic scattering is essential in case of
thermopower (however it is not important for resistiv-
ity). For elastic scattering the change of conduction elec-
tron energy satisfies the condition: |ε(k′)− ε(k)| ≪ kBT,
where k′ and k denote the final and initial states, respec-
tively. In non-elastic scattering the change of the electron
energy in a scattering event is of order of kBT . On aver-
age, an electron from a state above εF will be scattered
into a state below εF and vice versa. Therefore, while for
elastic scattering (due to negative dNddε values at Fermi
energy) τ(ε > εF) > τ(ε < εF), for the non-elastic scat-
tering it can be reversed: τ(ε > εF) < τ(ε < εF), leading
to a positive thermopower, instead of negative values for
elastic scattering. The effect of these different scattering
regimes is clearly visible in S(T ) of paramagnetic RCo2
compounds3: with decreasing temperature below about
100 K S(T ) shows a clear tendency to change sign, which,
9however, is interrupted by another process, leading to
large negative thermopower values at low temperatures.
This another process is likely caused by SF drag effect.
S(T ) of Ho(Co1−xAlx)2 at T < Tc exhibits a compli-
cated variation as obvious from Fig. 12. Data imply that
FIG. 12: Low temperature thermopower of Ho(Co1−xAlx)2.
The solid lines represent the Nordheim-Gorter expression (8)
with parameters, listed in Table I.
these temperature dependencies result from an interplay
between impurity (elastic) and spin wave (non-elastic)
scattering. For diluted alloys at low temperatures, the
impurity scattering constitutes the main contribution to
thermopower. This gives rise to negative S(T ) values,
exhibiting an almost linear temperature variation. At
higher temperatures, non-elastic scattering on spin waves
becomes important and results in the pronounced posi-
tive peak, especially at lower Al content. According to
the Nordheim-Gorter rule46, thermopower of a conduc-
tor with two dominating scattering processes, can be ex-
pressed as:
S =
S0ρ0
ρ
+
Sswρsw
ρ
,
with ρ = ρ0 + ρsw. The subscripts refer to impurity and
spin-wave scattering contributions. The resistivity re-
lated to scattering on spin-waves follows from ρsw = AT
2.
We assume that both, S0 and Ssw, are linear at low tem-
peratures: S0 = b0T, and Ssw = bswT. Based on these
assumptions we obtain for the total thermopower:
S =
T
1 +
(
T
T0
)2
[
b0 + bsw
(
T
T0
)2]
, (8)
where T0 is temperature, defined from the condition:
AT 20 = ρ0.
Expression (8) was fitted to the low temperature experi-
TABLE I: Fitted parameters of Eqn. 8
x b0 bsw T0
0 -0.18 0.12 15
0.005 -0.25 0.1 24
0.025 -0.22 0.05 39
0.05 -0.09 0.0037 49
0.075 -0.055 -0.001 40
mental thermopower, using b0, bsw and T0 as free param-
eters. The results are shown in Fig. 12 by solid lines, and
the parameter values are listed in Table I. For diluted al-
loys (x=0, x=0.005) the parameters are reasonable and
show expected dependencies on x: b0 and T0 increase
with x, while bsw is independent of x. At larger values
of x, however, the dominant low-temperature scattering
mechanism is due to static magnetic disorder, related to
the formation of a partially-ordered ground state of the
3d electron system. This scattering is not temperature
independent, which leads to a decrease of b0 and bsw in
concentrated alloys.
IV. CONCLUSION
In conclusion, we have studied electrical resistivity and
thermoelectric power of Ho(Co1−xAlx)2 alloys (0 ≤ x ≤
0.1) for temperatures from 4.2 K to 300 K. The exper-
imental temperature dependencies of thermopower indi-
cate that the width of the Co 3d band decreases with Al
content. This decrease can not be accounted for only by
the increasing lattice parameter of the alloys. The anal-
ysis of experimental results on magnetic and transport
properties of Ho(Co1−xAlx)2 and other R(Co1−xMx)2 al-
loys led us to the conclusion that the principal mecha-
nism, responsible for the narrowing of the 3d DOS peak
is the localization of the Co 3d electron states, induced
by disorder in Co sublattice of the alloys. The narrowing
of the 3d DOS gives main contribution to enhancement
of DOS at Fermi energy and to increase of Tc in magnetic
alloys, or a decrease of Bc in paramagnetic alloys. This
new mechanism of a magnetic enhancement of the Co 3d
band in RCo2-based alloys upon substitution of Co by
non-magnetic elements reconciles two previous, appar-
ently conflicting, models.
The magnitude of the resistivity jump at Curie tem-
perature, observable in Ho(Co1−xAlx)2 and RCo2 com-
pounds, exhibiting first order magnetic phase transition,
is a non-monotonic function of Tc. Our simple model
shows that the non-monotonous variation of the resistiv-
ity jump with Tc is due to the saturation of the 3d band
SF magnitude at high temperatures.
We postulate that fluctuations of the local magnetic
susceptibility in Ho(Co1−xAlx)2 leads to development of
partially ordered ground state of the 3d magnetic subsys-
tem, as it was shown previously for Y1−xRxCo2 alloys (R
are magnetic rare earth elements). Static magnetic disor-
der, associated with this partially ordered ground state,
10
induces the huge residual resistivities observed. With
increasing temperature the static magnetic disorder is
replaced by dynamic, temperature-induced SF. The cor-
responding contributions to the resistivity have similar
magnitude. Therefore, the overall temperature variation
of the resistivity in the alloys is strongly suppressed.
Our analysis demonstrate that the temperature behav-
ior of the thermopower above 100 K is determined by a
narrow peak in the 3d DOS at the Fermi energy. The
complex behavior of the thermopower at low tempera-
tures results from an interplay of elastic impurity scatter-
ing and non-elastic temperature-induced SF scattering.
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